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Abstract 
 
Hazardous area classification is well established for dust and vapours, however this is not the case for high 
flashpoint liquid fuels. This study highlights the limitations of current guidance in relation to flammable mists, 
through demonstration of flammability of a representative high flashpoint fuel for releases in the range of 
representative industrial operating pressure, complemented by a phenomenological analysis and semi-
quantification of the results observed.  
  
Flammability results are presented from low-pressure practical releases (< 20barg) of a representative fuel (gas-
oil with flashpoint > 61 °C), through a plain orifice, at temperatures well below its flashpoint. Based on a proposed 
two-phase flow-regime diagram, a semi-quantitiatve analysis of the results observed is offered via a simple 1-D 
phenomenological model, accommodating jet breakup length, spray quality, air entrainment and droplet dynamics.  
 
The complex scenario of liquid releases impinging onto an unheated flat surface is also considered. An 
impingement model is utilised to show the relative increase in volume of fine secondary spray induced post-
impingement relative to the unobstructed case, resulting in a significant volume of flammable mist. This is 
demonstrated experimentally by showing flammability of a 5 barg release post impingement whereas the 
unobstructed 10 barg case would not ignite.   
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1. Introduction 
 
The European ATEX directives (99/92/EC and 94/9/EC), published by the European Commission (1999, 1994) are 
implemented in the UK by the HSE (2002, 1996) under the Dangerous Substances and Explosive Atmospheres 
Regulations (DSEAR) and the Equipment and Protective Systems Intended for Use in Potentially Explosive 
Atmospheres Regulations (EPS); requiring employers to classify areas into zones where explosion hazards may 
occur. Suitably designed equipment must be used within these zones to limit the potential of an accidental ignition. 
Although hazardous area classification for gases and dust explosion hazards is well established (Eckhoff, 2006), 
the same cannot be said for mist explosion hazards - particularly for High Flashpoint liquids Fuels (HFF) - as first 
highlighted by Bowen and Shirvill(1994). 
 
Little progress has been made since this first notification, though the potential exascerbation of the hazard due to 
jet/spray impingement has again been highlighted by Bowen (2011), and a recent literature review by Santon 
(2009) of a range of incidents has shown that mist explosions are more common and the consequences more 
severe than previously anticipated. Santon (2009) identified 37 incidents including 20 explosions, of which nine 
were collectively responsible for a total of 29 fatalities. This background of a proven explosion hazard without 
sufficiently rigorous, nor helpful regulation and guidance has provided the motivation of this study.  
 
For flammable gas hazards, the classification of hazardous areas into zones is based on an assessment of the 
frequency of both the occurrence and duration of the explosive atmosphere, as follows: 
 Zone 0: An area in which an explosive gas atmosphere is present continuously or for long periods. 
 Zone 1:  An area in which an explosive gas atmosphere is likely to occur in normal operation. 
 Zone 2: An area in which an explosive gas atmosphere is not likely to occur in normal operation and, if 
it occurs, will only exist for a short time. 
 
A similar system is applied to dust explosion hazards. Guidance on the classification of areas is provided in IEC 
60079-10-1:2015 (BSI, 2015), which applies to gases, vapours and liquids that are handled above their flashpoint 
and the potential of a release forming a flammable atmosphere. However, this standard only offers limited 
quantitative guidance (Annex G) on the potential for liquids handled below their flashpoints generating flammable 
mists. 
The Energy Institute’s Model code of safe practice Part 15 (Area classification code for installations handling 
flammable fluids - EI 15, 2005), does provide some methodology for accounting for mist hazards; but the 
methodology used for calculating zone extents is not straight forward or suitable for many industrial applications. 
Adhering to the guidelines and mitigating a mist explosion risk through the use of appropriately rated enclosures 
and safety systems can be costly. Therefore it is important to understand the parameters that affect the likelihood 
of an explosive mist atmosphere and can have a quantifiable impact. A Health and Safety Executive report by Gant 
(2013) comprises of a detailed review of the literature relating to the formation of mists from high flashpoint fluids, 
the summary of which highlights which fluid properties and release parameters are likely to affect the formation of 
an explosive mist. A subsequent joint industrial project (Gant et al., 2016) concluded that formation of mists for 
fuels which are known to fully atomise under pratical release conditions can be adequately modelled using 
computational fluid dynamics codes. However, it was found that the flammable mists that may be formed by a 
poorly atomised release are more difficult to simulate; and further research is required to understand the formation 
of such mists.  
 
There are a number of ways a potential flammable mist may be formed. The simplest example to consider is the 
break-up of a cylindrical liquid jet through a plain orifice, although it is appreciated that realistic accidental releases 
are likely to be more complicated than this and will include more complicated geometrical orifice characteristics. 
When a pressurised fluid is forced though an exit orifice, a liquid jet is formed with a velocity proportional to the 
square root of the pressure differential. As the jet progresses away from the orifice, small instabilities in the jet form 
and grow until, at some distance downstream, the jet breaks up forming a spray which depending on conditions 
may form an airborne mist due to minimal gravitational settling. The jet or spray may be obstructed and 
subsequently impinge on a solid surface, inducing further (secondary) atomisation as shown by Maragkos and 
Bowen (2002) and potentially creating a finer mist to further exascerbate the situation. Levebvre (1989) 
summarised some of the considerable literature that exists for atomisation and related two-phase phenomena, with 
previous studies by Kay et al. (2012) showing how such practical releases can still produce > 50 % 
secondary/primary jet mass-ratio. However, most research and development has been driven by practical 
applications in sectors such as the automotive or gas turbine industries, which generally consider much smaller 
orifices and considerably higher release pressures than those likely in accidental release scenarios. Driven 
primarily by the automotive industry, proposed empirical models for the impingement of droplets and sprays on 
surfaces have also been developed, examples of which include that of Bai et al (2002) and Mundo et al (1998). 
 
Bane et al (2011) and Shepherd et al (1999) demonstrated that care should be taken when considering ‘flammable 
atmospheres’ to differentiate between the ignition characteristics of a droplet spray/mist and the flammability of the 
fuel/air system. Clearly ignition is a prerequisite for successful flame propagation of fuel droplets, and there is 
associated literature published examining both fundamental combustion characteristics, deriving for example 
useful practical concepts such as the mimimum ignition energies (Emin), the rate of flame propagation (as discussed 
by Ballal and Lefebvre, 1981) and the upper/lower flammability limits (UFL/LFL). It is important to note, however, 
that optimum two-phase characteristics for successful ignition do not necessarily correspond to those for optimal 
fuel-mist flammability. An example of this was shown by Hayashi et al (1981) who established that the MIE generally 
correspond to < 30 µm  droplet mists, dominated by evaporation timescales, whereas the lower flammability limit 
(LFL) reduces for droplet diameter > 40 µm due to the established inhomogeneouis droplet-droplet relay flame 
propagation mechanism. For this study, this potential source of confusion is allayed, as for all releases considered, 
those spray/mists that ignited also indeed propagated. Hence, a successful combustion event here means both 
successful ignition as well as flame propagation i.e. flammability. 
    
The aim of this paper is to develop a better understanding of the extent of this particular hazard, that is to start to 
put albeit empirical boundaries around the hazardous regimes, as well as to provide an insight into the primary 
two-phase/combustion processes that give rise to defining the boundaries of this complex hazard, providing 
guidance of where further work is required.   
 
 
2. Experimental Techniques and Results 
 
2.1. Experimental Facilities 
 
The experiments were conducted in the Atmospheric Spray Rig (ASR) located at Cardiff University’s Gas Turbine 
Research Centre (GTRC). The ASR is 2.2 × 1.2 × 0.7 m and has the release orifice located at the upstream end 
and a natural draft extraction at the other. Three spark electrodes were located 0.5, 1.0 and 1.5 m downstream 
from the orifice respectively; as shown in Fig. 1. Each ignitor had a spark gap no greater than 3.8 mm and was 
connected to a Satronic ZT 870 ignition spark generator. The ignition spark generators are capable of producing a 
repeatable spark (50 Hz) with a voltage of 16 kV and spark energies of 4 mJ i.e. a relatively low ignition energy, 
though an order of magnitude greater than the minimum ignition energy (Emin) of common fuel vapour.This was 
selected as a compromise between the unrealistically low minimum ignition energies for common hydrocarbons 
gases for practical releases; and the broad range of energies which could be encountered in a realistic situation 
from industrial components (e.g. switchgear, motors). An electrostatic discharge (‘brush’ discharge) was chosen 
as a category representing the lower end of realistic industrial ignition sources, and for ‘brush’ discharges, 4mJ has 
previously been identified as the theoretical maximum value (Glor M., 1981). The system allows independent firing 
of each of the ignitors, however for the tests presented here the ignitors were fired simultaneously. 
 
A nitrogen accumulator was used to pressurise the fuel, enabling a delivery pressure differential of up to 30 bar 
across the nozzle. The fuel used throughout all the tests was gas-oil (all obtained from a single batch from one 
supplier) with a quoted flashpoint > 61 °C; this was released at atmospheric temperature, typically 15-20 °C. A 
pneumatic valve upstream of the orifice controls the timing and duration of the release. The ignitors and final valve 
are controlled remotely. High definition videos of the releases were recorded using a Cannon D60 SLR camera. 
The release orifice used throughout the experimental program had a diameter of 1 mm and an aspect ratio (L/d) of 
unity. Whilst appreciating that both these parameters will influence the formation of flammable sprays,  neither are 
varied within this study which aims to highlight the primary processes which need to be taken into consideration. 
The influence of orifice diameter and L/d should be considered in future studies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Overview of rig layout with significant dimensions super imposed. 
 
2.2. Experimental Procedure 
 
The ignitors were initiated prior to the fuel being released, and the fuel was sprayed either for a maximum duration 
of 10 seconds or until ignition was observed. For the impingement tests the set-up remained nominally identical 
with the only modification being made to the location and orientation of the nozzle. The test chamber was thoroughly 
cleaned between each test and an exhaust fan utilised to clear any vapour. For the impingement studies the nozzle 
was located 60 mm from the impingement surface at a perpendicular distance of 100 mm from the first ignitor; fuel 
was sprayed vertically downwards normal to the flat impingement surface. The surface roughness of the 
impingement plate was that of a typical cold rolled steel (Ra ≈ 1 µm), though again the influence of this parameter 
was not investigated in this study, though previous research by Maragkos and Bowen (2002) has indicated that 
surface roughness is not a primary influence for these larger scale releases.  
  
The properties of the fuel (gas oil) utilised in this study were provided by the supplier and are presented in Table 
1. 
500 mm 500 mm 500 mm
80 mm 110 mm
Igniter 1
Igniter 2
Igniter 3
 Table1. Summary of experimental properties 
 
Parameter Value 
Gas-oil Density [kg/m3] 837 
Gas-oil Viscosity [Pa.s] 4.185 x10-3 
Surface Tension [N/m2] 0.0264 
Air Density [kg/m3] 1.18 
Air Viscosity [Pa.s] 1.846x10-5 
Stoichiometric AFR (by mass) [-] 14.9 
Orifice Diameter [mm] 1 
L/d0 1 
 
The experimental results are presented as either a ‘positive’ or ‘negative’ event. For a ‘negative’ event three discrete 
10 second releases with no ignition observed at any of the ignitor locations are required. A positive release condition 
result was defined as an ignition observed at any location, at any time for any of the releases. 
2.3. Results 
 
For the free-spray experiments the release pressure was set at an high value initially, and repeat experiments were 
conducted at decreasing delivery pressures until no ignition was observed during the three repeated releases. Fig. 
2 presents two video still images showing pre and post-ignition of the free spray at 25 bar. 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
Fig. 2. Video still of ignition of free spray at 25 bar. (a) Pre-ignition and (b) Post-ignition 
 
Once the experimentally derived lower pressure limit for ignition had been identified, the experimental set-up was 
changed and impinging releases were studied at two release pressures of 10 bar and 5 bar. Table 2 presents a 
summary of the experimental results.  
 
Table 2. Summary of Experimental results 
 
Test Number Fuel Pressure [barg] Set-up 
Ignition/Flammability Result 
(Ignited location{s}) 
1 25 Free Spray Positive (1.5 m) 
2 20 Free Spray Positive (1.5 and 1.0 m) 
3 15 Free Spray Positive (1.5 and 1.0 m) 
4 10 Free Spray Negative at all locations 
5 10 Impingement Positive 
6 5 Impingement Positive 
3. Analysis and Discussion 
 
Several initial observations can be made from the experimental results presented in Table 2. The first significant 
observation is that flammable mists were generated for unobstructed pressurised releases at a fuel temperature 
well below the fuel’s flashpoint, highlighting the fact that flashpoint characterisation is insufficient as a measure for 
assessing the risk of mist flammability. Additionally, the unobstructed sprays proved flammable at relatively low 
pressures pertinent to, or lower than, conditions used in many industrial applications. 
 
The other significant observation from Table 2 is that impingement of the spray results in a flammable mist at 
delivery pressures lower than half of that observed for the unobstructed sprays. Consequently, there are many 
practical applications where fuel is transported at pressures of 10 barg and below, for which any release and likely 
impingement could pose a mist flammability and potential explosion risk. 
 
This paper will first analyse the unobstructed spray data through the introduction of a simplistic phenomenological 
modelling approach, followed by analysis of the influence of impingement again through a phenomenological 
model. The thermo-fluid dynamics associated with the observations will be analysed and discussed, highlighting 
reasons for the differences in flammability characteristics. 
 
3.1. Unobstructed Spray Analysis 
 
To begin to understand the mechanisms that influence the results observed a simple phenomenological model is 
presented.  
 
 
 
 
 
 
 
 
Fig. 3: Simplistic Regime Diagram for determining flammability of pressurized high-flashpoint liquid releases. 
 
The phenomenological flow regime model presented in Fig. 3, is based on well-established phenomena but applied 
to low pressure releases (≤ 25barg). The characteristic length used for calculated Rej is the orifice diameter do.The 
model is split into four different regions: 
           Rej 
Mist 
Accummulation 
 
 
z/do 
 
Low Quality 
Atomisation 
Insufficient Jet Break-up 
Flammable Mist 
 Low Quality Atomisation: The atomisation pressure is the critical parameter that affects the flow 
regime of the liquid release and the droplet size distribution for a particular liquid through a 
specific orifice. For a fixed ignition source there is a critical droplet diameter above which the 
mist will not ignite. The droplet sizes, and hence their ignitability, are related to the properties of 
the liquid as well as the initial release conditions.  
 Insufficient Jet Break-up: Low pressure jet releases breakup over a specific characteristic length 
and once break-up occurs the air entrainment / liquid dispersion affects the localised air-to-fuel 
ratio. If an ignition source is within the break-up length, or in a location with minimal dispersion 
of droplets then ignition will not occur. 
 Flammable Mist: In the event of a release with sufficient atomisation pressure and where the 
break-up of the jet has resulted in the mixture of the fuel droplets with sufficient volume of air; if 
the energy of the ignition source is high enough then the release may ignite. Again dependent 
upon droplet size and fuel concentration, the flame kernel may subsequently propagate through 
the combustible two phase mixture. 
 Mist Accumulation (or stratification): As the pressure of the release and therefore its Reynolds 
number increases, generally finer mists are generated. However, constituent droplets from finer 
mists lose their momentum more quickly due to aerodynamic drag, resulting in increased fuel 
concentration downstream. 
 
3.1.1  Atomisation Pressure 
 
From a comparison of the many spray droplet correlations such as that of Merrington and Richardson (1947), 
Hiroyasu and Arai (1990), and Faeth (1991). It can be shown that the characteristic droplet size from a liquid release 
is consistently found to be inversely proportional to the release pressure (typically with an exponent around 0.5-
0.6). It is well known that the size distribution in a spray has a significant influence on its combustion characteristics, 
with finer sprays generally exacerbating combustion hazards due to increased surface area-to-volume ratio.  
 
To compare the sprays at different pressures a representative droplet size distribution developed by Hiroyasu and 
Arai (1990) is utilised:  
𝑀𝑎𝑠𝑠 𝑢𝑛𝑑𝑒𝑟𝑠𝑖𝑧𝑒 = 1 − 𝑒𝑥𝑝 [− (
𝐷
𝛿
)
𝛾
]         (1) 
 
where 𝛿 = 4.12𝑑𝑜𝑅𝑒𝑓
0.12𝑊𝑒𝑓
−0.75 (
𝜇𝑓
𝜇𝑓
)
0.54
(
𝜌𝑓
𝜌𝑎
)
0.18
 and 𝛾 = 2 
 
Fig. 4 shows the variation of linear cumulative mass-under-size with log droplet diameter for unobstructed sprays 
with a release pressure over the experimental range considerd here. It is assumed that the boundary conditions 
are no slip and that there is no further droplet diameter change after the primary atomisation. As the fuel pressure 
increases, the predicted spray distribution consists of increasingly smaller droplets. The cumulative mass-under-
size is of particular importance when considering the probability of successfully igniting a fuel mist, as it is the 
concentration of ignitable droplets within the vicinity of the ignition source that will determine if a propagating flame 
is produced.  
 
Moreover, the minimum ignition energy (Emin) required to ignite mono-disperse droplet mists has been quantified 
previously by Ballal and Lefebvre (1978). A validated model was proposed which predicts the Emin required to ignite 
a mono-disperse droplet mist. The Emin is related to a number of parameters such as droplet diameter, equivalence 
ratio (ratio of the actual fuel/air ratio to the stoichiometric fuel/air ratio), gas/liquid properties and evaporation 
constants : 
 
𝐸𝑚𝑖𝑛 = (
(
1
6
𝜋)𝑐𝑝,𝑎∆𝑇𝑠𝑡𝐷
3
𝜌𝑎
1/2 ) . (
𝜌𝑓
𝜑𝑙𝑛(1+𝐵𝑠𝑡)
)
3/2
        (2) 
 
This is based on the theory of the quenching distance between droplets in a homogeneous quiescent mist 
established by Ballal and Lefebvre (1978). The minimum ignition energy (Emin) is then proposed to be the energy 
required to raise the temperature a sphere of air, with a diameter equal to the quenching distance, from ambient to 
the stoichiometric adiabatic flame temperature. 
 
 
 
Fig. 4. Variation of mass-under-size for un-obstructed releases of between 10 and 25 barg with MID for 
stoichiometric conditions super imposed. 
 
The vertical line at 64 microns labelled ‘MID’ in Fig. 4 represents the largest mono-dispersed droplet size that can 
be ignited with a Emin of 4 mJ for stoichiometric mixture under the ambient conditions of this study. It is noted that 
for the experimentally unignited 10 barg release, only about 1.75 % of the mass released is predicted to form 
droplets smaller than the MID whereas the ignitable 15 barg release is estimated to have approximately 3 % of the 
mass contained in droplets smaller. This suggests that increase in droplet mass undersize with release pressure 
alone does not fully explain the variation in ignition characteristics with release pressure.  
 
 
3.1.2 Spray Break-up / Air Entrainment 
 
The experimental results presented in Table 2 show that regardless of fuel pressure, no spray ignited 0.5 m 
downstream. It is proposed that this is due to the jet break-up length of the spray and  insufficient air entrainment. 
The break-up length of jets from plain orifice atomisers has been studied extensively for automotive applications. 
Here, two representative correlations of Baron (1949) and Grant and Middleman (1966) are used to predict break-
up length. 
 
Over the range of pressure considered here, the two correlations predict the distance to jet break-up to vary 
between 0.25 and 0.5 m downstream. With the first ignitor being positioned only 0.5 m from the orifice, the predicted 
break-up lengths indicate why ignition was not observed at this location..    
 
To enable an estimate of downstream air-to-fuel ratio (or equivalence ratio) for each pressure and ignition location, 
a simplistic one-dimensional approach is developed.  
 
 
Fig. 5. Schematic of release. 
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To calculate the mean AFR for a given cross section, a thin disc (dL) at a given distance downstream (L) is 
considered (see Fig. 5). First, the fuel mass flow rate of the fuel through the disc is determined from Bernoulli’s 
principle, where in a given time (dt) the volume of fuel exiting the release orifice is given by: 
 
𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑢𝑒𝑙 =  𝑑𝑡. 𝑉𝐸𝑥𝑖𝑡. 𝜋. (𝑑𝑜 2⁄ )
2         (3) 
 
Secondly, the time taken for the fuel to traverse the distance dL is calculated, from which the total volume of air in 
the disk is calculated:.  
 
𝑉𝑜𝑙𝑢𝑚𝑒 𝐴𝑖𝑟 =  𝑑𝑡. 𝑉𝐷𝑟𝑜𝑝𝑙𝑒𝑡𝑠 . 𝜋. [{(𝑑𝑜 2⁄ ) + 𝐿. 𝑡𝑎𝑛𝛼}
2 − (𝑑𝑜 2⁄ )
2]      (4) 
 
Consequently, it can be shown that the mean AFR (by mass) of a cross section a distance (L) downstream is given 
by Equation 5. 
 
𝑀𝑒𝑎𝑛 𝐴𝐹𝑅 =  
𝜌𝑎.[{(𝑑𝑜 2⁄ )+𝐿.𝑡𝑎𝑛𝛼}
2−(𝑑𝑜 2⁄ )
2]
𝜌𝑓.(𝑑𝑜 2⁄ )
2 .
𝑉𝐷𝑟𝑜𝑝𝑙𝑒𝑡𝑠
𝑉𝐸𝑥𝑖𝑡
       (5) 
 
Where α is the spray cone angle, for which many correlations exist such as Arai et al (1984), Hiroyasu and Arai 
(1985), Chen and lefebvre (1994), Ruiz and Chigier (1991) and Abramovich (1963). The correlation of Arai et al 
(1984) agrees most closely with the experimental results where a cone angle ≈ 6° was observed for a 20 bar 
release: 
 
𝛼 = 0.025 (
𝜌𝑎∆𝑃𝑑𝑜
2
𝜇𝑎
2 )
0.25
          (6) 
 
In order to calculate the AFR the following assumptions are made. First, it is well established that the majority of 
the spray’s mass is contained in a dense liquid core. To represent this non-uniform distribution, the AFR at different 
radial positions was calculated using a concentration distribution function based upon measurements made for 
water releases by Santangelo (2010). The fluid and nozzle type used by Santagelo (2010) was different to that 
used in this study, however the observed solid cone spray produced when non-dimensionalised is of similar 
structure, and served the purpose of estimated an AFR at the centreline as opposed to the averaged AFR which 
would be incorrect. Secondly, the air is considered quiescent and the ratio VFUEL/VEXIT is calculated based on the 
mean droplet size, as shown by Husted et al (2009). Fig. 6 illustrates the relationship between the value of 
VFUEL/VEXIT and the distance from the release point as a function of mean droplet size.  
 
 
Fig. 6. Relationship between droplet size, distance from orifice and mean velocity 
 
The predicted droplet SMD (droplet diameter having the same volume/surface area ratio as the entire spray) from 
the representative correlation of Hiroyasu and Arai (1990) is also presented corresponding to the experimental 
conditions utilised in this study. Fig. 7 shows a graphical representation of the experimental results. The location 
at which the spray ignited and propagated was determined by examining still images of the videos for each test. A 
cross (x) represents combustion whereas a circle () represents no combustion. Fig. 7 shows sensibly that the 
fuel-air mixture becomes increasingly fuel-lean as the distance from the orifice increases and the spray propagates 
radially. It also predicts that the distance at which the fuel-air mixture reaches the stoichiometric concentration is 
approximately 1.0 m downstream from the orifice. This suggests that the lack of ignition closer to the orifice (ignitor 
position 0.5 m downstream) is likely to be due to the mixture being too rich and/or poorly atomised to ignite with 
the spark characteristics employed. Previous jet break-up predictions from Baron (1949) and Grant and Middleman 
(1966) are also represented on Fig. 7 by the dash-dot and dotted lines respectively, Baron’s predictions in particular 
appear to correlate well with the ignition failure points 0.5m downstream at all pressures considered.    
 
 
Fig. 7. Gas-oil results with calculated equivalence ratio superimposed. 
 
Fig. 7 also shows the failure of the 10 bar unobstructed releases to ignite at any downstream location with the 
ignition source adopted, even though the equivalence ratio predictions indicate a flammable atmosphere at the 
1.0m downstream ignition location, realised for the 15 bar and 20 bar release cases. Surprisingly, the 25 bar 
releases at an ignitor position 1.0 m downstream from the orifice did not ignite, even though the equivalence ratio 
is predicted to be 1.0-1.5. 
 
It is proposed that this non-linear characteristic of spray ignition and flammability as a function of downstream 
distance, clearly observed in Figs. 7 and 8, may be explained qualitatively through the interaction of several key 
two-phase processes described earlier and outlined qualitatively in the regime diagram in Fig. 3.  
 
First, the lower release pressure (or generally Re) bound, independent of downstream location, signifies the role 
of atomisation in the overall process. As discussed earlier, it is well established that ignition probability reduces 
with reduction in spray quality, and that spray quality reduces with release pressure. This is presented on the upper 
horizontal axis of Figs. 7 and 8, where the representative pressure-orifice spray correlation – there is some debate 
concerning the absolute values of spray quality predicted from such correlations, but far less so the influence of 
pressure - has been utilised to provide an SMD estimate. Hence, as shown the 10 bar release corresponds to a 
300 µm SMD prediction for gas-oil, whilst the predicted equivalence ratio at the ignitor locations ranges from circa 
0.35-2.5. However, only a very small proportion of the total spray mass will be contained in droplets of a size 
conducive to ignition and flammability with the source adopted, so that the ‘practical’ equivalence ratio will be 
considerably – possibly one to two orders of magnitude – less than that estimated by this simple phenomenological 
approach. As release pressure (or Re) increases, then the spray quality improves, and so a higher proportion of 
the spray becomes ignitable and flammable, corresponding to the positive flammability cases presented for the 15 
bar and 20 bar releases beyond the influence of the jet break-up length (>  0.5 m).      
          
 
Fig. 8. Gas-oil results with mist concentration (in g/m³) superimposed. 
 
The ignition failure of the 25 bar release at the 1 m location - beyond the breakup length and generating the best 
spray quality – is the most subtle and most subjective to interpret : As spray quality improves for the higher-pressure 
releases, then aerodynamic drag on the droplets increases, and the spray loses its momentum more readily. Put 
simply, for the same mass flowrate, poorer quality spray will propagate further, spreading its mass over a larger 
volume than that of a higher quality spray. This results in the sharp non-linear behaviour in the equivalence ratio 
plots for higher pressures (> 20 bar) observed within Figs. 7 and 8. Whilst this interpretation of the data does not 
quantitively correspond with the non-ignition of the 20 bar case – the equivalence ratio is predicted to be between 
1 and 1.5 – within the spirit and accurary of the phenomenological approach presented, it is sufficient to indicate 
that differential droplet-drag and stratification is likely to be a significant contributory factor. In addition, as the 
release pressure is increased, the mass flux and droplet velocities within the spark vicinity is proportionally 
increased; reducing the probability of a propagating ignition. Clearly a more accurate model for combining jet-
breakup, atomisation and droplet dynamics would further substantiate the proposed model as well as 
simultaneously take into account the various interdependent processes discussed.         
 
Fig. 8 provides an alternative presentation of the predicted mist concentration (in g/m³) for the test cases 
considered, as these figures are often utilised in safety standards. Again the predicted droplet SMD from the 
Hiroyasu and Arai (1990) correlation and the calculated break-up lengths from Baron (1949) [dashed line] and 
Grant and Middleman (1966) [dotted line] are also presented. 
 
It is shown that at an ignitor location 1.5 m downstream from the orifice, the predicted mist concentrations for the 
cases in which ignition occurred (15, 20 and 25 bar) are all in the range of 30 to 65 g/m3. It is generally accepted 
that the LEL for hydrocarbon mists formed by a high velocity spray is considered to be around 50 g/m3; with this 
value used in several safety standards such as the IACS M67 testing procedure (2007). This suggests that even 
with mist concentrations below the widely accepted LEL for a hydrocarbon fuel, there is potential risk of ignition 
and flame propagation if suitable droplet sizes are present. These findings are consistent with those of Zabetakis 
(1965).  
 
3.2. Impinging Spray Analysis 
 
As presented in Table 2, an impinging flammable spray was observed at lower pressure releases that that for an 
unobstructed spray. This can be explained by comparing the droplet size distribution of the spray pre and post-
impingement. As previously mentioned by Maragkos and Bowen (2002), impingement generally exacerbates the 
potential hazard due to the potential for re-atomisation of splashing droplets, reducing the mean droplet diameter 
whilst increasing the number of droplets post-impingement. Considerable effort has been given to understanding 
the impingement of single and multiple droplet impacts on solid surfaces and developing empirical models that 
predict post-impingement droplet characteristics. Due to the two-phase thermo-fluid complexity of the impingement 
process, previous analysis has resorted to the development of phenomenological models, utilising non-
dimensionalised correlations. These impingement models are employed in some of the more widely used 
commercial CFD software with the correlation of Bai et al (2002) being one of the most widely used. This model, 
based on the impacting droplet Weber and Laplace number, first predicts whether the droplet will stick, spread, 
bounce or splash on the surface. The regime transition criteria are presented in Table 3 with the post impingement 
droplet characteristics based on separate correlations depending on which regime prevails. 
 
Table 1. Regime transition criteria, Bai et al (2002) 
 
 
 
The Bai et al (2002) model is applied to the impinging spray for 10 bar and 5 bar releases, which both resulted in 
flame propagation (Table 2). The calculated cumulative mass-under-size with log droplet diameter plotsof the post-
impingement sprays for both release pressures are presented in Fig. 9, along with the calculated unobstructed 
spray data for the same release pressures; to allow visual comparison between the free and post-impingement 
sprays. Fig. 9 highlights that for the unobstructed 5 bar release case less than 1 % of the total mass is considered 
ignitable based on calculated MID criteria. However post-impingement, nearly 70 % of the spray droplets that have 
“splashed” satisfy the MID criterion. This confirms that the spray quality is a dominant factor concerning ignition 
and subsequent flame propagation of impinging sprays. 
 
Regime Schematic Transition Criteria 
Stick 
 
Wed ≤ 2630.La-0.18 (DRY) 
Wed ≤ 2 (WET)  
Rebound 
 
2 ≤ Wed ≤ 20 (WET)  
Spread 
 
20 ≤ Wed ≤ 1320.La-0.18 (WET) 
Splash 
 
Wed > 2630.La-0.18 (DRY) 
Wed > 1320.La-0.18 (WET)  
 Fig. 9. Variation of mass-under-size for un-obstructed and impinged releases of 5 and 10 barg with MIE for stoichiometric 
conditions super-imposed.  
4. Conclusions 
The main conclusions from this study are: 
 
 Under controlled conditions, unobstructed releases of a high flashpoint fuel (gas-oil, flashpoint > 61 °C) 
through a plain orifice at 15 bar release pressure have been shown to be flammable, at release 
temperatures some 40 °C below the fuel’s flashpoint. This confirms a previous hypothesis of Bowen and 
Shirvill (1994). 
 A two-phase regime diagram has been proposed to describe the combustion region. Whilst this approach 
qualitatively and semi-quantitively explains the flammability trends observed in this particular case, the 
applicability of such a modelling approach more generally cannot be ascertained at this stage, due to 
limited well-controlled validation data.     
 The gas-oil releases that did not provide flammable sprays at 10 bar pressure, were found to become 
flammable after impingement on a normal surface placed near the release point. The impinging release 
was also found to be flammable at a reduced pressure (5bar), highlighting the increased risk associated 
with jet/spray impingement, which is likely in realistic scenarios.  
 A phenomenological spray impingement model based upon Weber/Laplace correlations predicts the likely 
cause of increased flammability for impinging sprays: Whilst the impingement process reduces airborne 
fuel, this is dominated by a substantial improvement in spray quality, rendering a far higher proportion of 
the spray within the ignitable and flammable droplet size ranges.  
 This paper highlights the lack of published guidance for flammability hazards associated with low-pressure 
releases of high-flashpoint fuels, Whilst a simplified phenomenological approach is presented here, it is 
based on results for one high-flashpoint fuel only, with one particular release orifice and a specific low-
energy ignition source, This progress needs now to be complemented by more detailed modelling and 
validation research to enable more robust predictive industrial tools, which are urgently required to provide 
useful safety guidelines. 
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Nomenclature 
 
AFR  Air to Fuel Ratio 
Bst  Spalding Transfer Number 
cp  Specific Heat Capacity [J.kg-1.K-1] 
D  Droplet Diameter [m] 
do  Orifice diameter [m] 
Emin  Minimum Ignition Energy 
L  Distance from the nozzle [m] 
La  Laplace number = 𝜎𝜌𝑓𝐷𝜇𝑓
−1  
LEL  Lower Explosion Limit 
MID  Maximum Ignitable Droplet-diameter 
ΔP  Pressure differential across the nozzle [Pa] 
Re  Reynolds Number = 𝜌𝑓𝐷𝑉𝜇𝑓
−1 
SMD  Sauter Mean Diameter [m] 
Tst  Stoichiometric Flame Temperature [k] 
We  Weber Number = 𝜌𝑓𝐷𝑉
2𝜎−1 
α  Spray cone angle [°] 
μ  Viscosity [Pa.s] 
ρ  Density [Kg.m-3] 
σ  Surface tension [N.m-2] 
φ  Equivalence Ratio 
 
Subscripts 
a  Air 
d  Droplet 
f  Fuel 
j  Jet 
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